The conditions for natural regeneration of white spruce (Picea glauca) and balsam fir (Abies balsamea) in 12 natural stands and five plantations containing both species were investigated 9 to 30 years after partial cutting. We estimated seed input on the ground, measured light reaching the understory, and recorded the presence and age of seedlings smaller than 150 cm in height on six different substrates: mineral soil, moss, rotten wood, litterfall, herbaceous, and dead wood. Partial cutting generally prompted the establishment and growth of seedlings. The number of fir and spruce seedlings is always greater in natural stands than in plantations, a trend likely associated with the reduced abundance of suitable substrate for establishment in the latter. White spruce is significantly associated to rotten wood while fir settles on all types of substrates that cover at least 10% of the forest floor. There is a strong relationship between light intensity and the median height of spruce seedlings, but this relationship is non-significant for fir. Seedlings of both species can survive at incident light intensities as low as 3%, but an intensity of 15% or more seems to offer the best growth conditions. The results of this study provide guidelines for successful forest regeneration following partial cuts in spruce-fir stands.
Introduction
The establishment of natural regeneration in forests having undergone partial cutting offers several silvicultural, economic [1] , and ecological [2] benefits. It sustains within-stand demographic stability [2] [3] [4] , decreases reforestation costs [1, 5] , and promotes structural complexity in both age and the diameter structure of tree populations. The rate of seedling establishment varies according to seed producer density [6] , the quality of substrates with regard to germination and early growth [7, 8] , light [9, 10] , and harvesting [10] . Therefore, logging operations in a sexually mature forest stand can have a big impact on the natural regeneration of valued tree species [7] . First, the remaining trees can produce more viable seeds when their crown is allowed to further develop [11] [12] [13] . In addition, logging operations notably modify, through woody residues (e.g., crowns, branches and stumps) left on the ground [14] , the characteristics of the substrates on which seeds fall and the resulting seedlings eventually grow. This decaying woody debris [15] constitutes one of the most suitable substrates for germination for Norway spruce (Picea abies [16] ) and white spruce (Picea glauca [17] ). Finally, partial cutting increases the incident light reaching the forest floor, promoting seedling survival and growth [1, 11] . Too much shade in the understory causes increased seedling mortality [9] , and incident
Materials and Methods

Study Sites
This study was conducted at the interface of the balsam fir-yellow birch and the balsam fir-white birch bioclimatic domains in Bas-Saint-Laurent, Quebec [27] . A total of 17 out of 24 available sites were randomly selected, including 12 natural stands and 5 plantations. Stand age ranged from 37 to 104 years old. Partial cuttings were done between 8 and 23 years ago for the natural stands and 8 to 30 years ago for the plantations ( Table 1) . The partial cuts varied in intensity, ranging from 14% to 74% of the total number of trees felled. Natural stands were mostly composed of balsam fir (hereafter referred to as fir) and could be intermixed with white spruce (hereafter referred to as spruce) contributing up to 50% of total basal area. Four spruce plantations were monospecific and 1 had fir contributing to 10% of its total basal area; fir seedlings were present in every spruce plantation. All study sites had a site index [28] greater than 9 m at 25 years for spruce [29] and fir [30] . All plantations originated from abandoned farmlands.
Measurements and Estimations
For each site, we randomly established 2 sampling units (SUs) spaced 30 to 150 m apart, each measuring 200 m 2 (20 m × 10 m); each SU was divided into 50 subunits of 4 m 2 (2 m × 2 m). All living trees with a diameter at breast height (DBH) > 5.1 cm were identified at the species level, measured (DBH) and mapped using azimuth and distance from a corner of the SU (reference point). In addition, we established a 5-m buffer zone around the perimeter of each SU; in this buffer, we mapped spruce trees and measured their DBH in order to focus on the potential seed trees of this species. The density (n.m −2 ) of fallen fir and spruce seeds within each 4 m 2 subunit was estimated using models developed by Greene [13] . The first model estimates the number of seeds annually produced by each seed tree (Q) as such:
where m is the mass of a spruce (0.002 g) [19] or fir (0.008 g) [20] seed, and B is seed tree's basal area (m 2 ) at breast height (1.3 m).
The second model estimates the number of seeds/m 2 scattered on the ground as a function of the distance (x) between a given seed tree and the centroid of each subunit:
Q(x) = aQe −0.15x f 0.82 (2) where Q( x) defines the number of seeds scattered per m 2 at a distance x of a seed tree, a is set to 0.25, which corresponds to a forest with medium seed production [13] , and f represents the seed's final velocity: 0.65 m/s for spruce and 0.86 m/s for fir [13] . Using these two models, we estimated for each seed tree the total number of fallen seeds in each 4 m 2 subunit. These values were then compared to the number of spruce and fir seedlings counted in each subunit.
In all subunits, we estimated the percentage of cover of each of the six seedbed types: mineral soil, moss, litterfall, herbaceous, rotten wood, and deadwood (corresponding to decomposition classes 3 to 5 and 1 to 2, respectively, according to Reference [15] ). We then determined the age and the number of spruce and fir seedlings per substrate type and the following height categories: 1-10 cm, 11-20 cm, 21-30 cm, 31-50 cm, 51-100 cm, and 101-150 cm. The average number of seedlings in SU was then transformed in seedling density per m 2 and the percentage of SU with presence of seedling is the stocking coefficient [31] . The age of seedlings <50 cm was estimated using terminal bud scars, while annual growth rings were used for seedlings >50 cm. Age allowed us to differentiate seedlings established before versus after a partial cutting.
Photosynthetically active radiation (PAR, µmol photons·m −2 ·s −1 ) was measured 60 cm above ground at the center of each of the 1700 subunits using a Beam-Fraction (BF) sensor-3-type device (Sunshine Sensor (John Wood, Peak Design & Development, Winster, Derbyshire, U.K.); Delta-T Devices (Cambridge, England) BF-3 UM-1.0, Data logger; GP1 v2.1) between 09:00 and 17:00 during the months of June, July, and August. These light measurements were associated with that of a reference sensor placed in an open environment located less than 500 m from the sensor located under forest cover in order to calculate percentage of incident light at each measurement location [32] .
Finally, natural stand age was assessed by drawing core samples at a height of 30 cm from the ground from three dominant trees in each SU; these trees were those closest to three randomly selected bearings on a compass. Plantation age corresponds to the year of reforestation; years when a partial cut occurred in each stand type were identified using information obtained from the province's department of forests unpublished database. 
Statistical Analyses
Relationship between the Estimated Amount of Dispersed Seeds and the Number of Seedlings
The relationship between the number of fallen seeds and the number of seedlings of each species was determined using simple linear regression for each stand type. Here and in all subsequent analyses where it was required, normality was verified using the Shapiro-Wilk test (p > 0.05) [33] while homoscedasticity and independence of residuals were assessed by comparing the residuals plotted to the predicted values.
Comparison of Density and Stocking Coefficient of Seedlings
For each stand type (natural or plantation), we tested whether partial cutting had a significant effect on the density of seedlings and the stocking coefficient for each species. Species, period (before vs after cut), and stand type were considered as fixed variables while site was considered as a random variable. We used generalized linear mixed models (GLMM) [34] to compare seedling density and stocking coefficient between species and between stand types. As the raw data did not have a normal distribution even after logarithmic, square root, arcsin or 1/x transformation trials, [35] we tested several model distributions: Poisson, zero inflated Poisson, negative binomial, and zero inflated negative binomial. Using the Akaike information criterion [34] , we determined that the negative binomial model was the most parsimonious. When the analysis revealed significant differences between group means, means were compared between periods, between species or between stand types using Tukey's multiple comparison test.
Percentage of Seedlings per Substrate Type
For each species in plantations and natural stands, the percentages of total seedlings germinated on each substrate type were established in order to identify the most suitable substrate for seedling establishment using a Pearson chi-square test [36] .
Relationship between Median Seedling Height and Incident Light
The relationships between the median height of fir and spruce seedlings that germinated after the partial cut and the percentage of light transmitted to the center of each of the 1700 subunits was estimated using simple linear regression.
All statistical analyses were performed on R, Version 2.15.2, using the "nlme" [37] and "gmodels" [38] libraries (R Foundation for Statistical Computing, Vienna, Austria).
Results
Relationships between the Estimated Number of Dispersed Seeds and the Number of Seedlings
Our results show that there is a close relationship between the estimated number of fallen seeds and the density of fir and spruce seedlings (Figure 1 ). In the natural stands, the estimated number of dispersed seeds explains 81% and 85% of the variance of fir and spruce seedling density, respectively. For the same amount of seeds, seedling density is 8 to 10 times higher for fir than for spruce. In plantations, the number of fallen seeds explains 51% of the variance of the number of spruce seedlings. According to estimated seed inputs (Figure 1 ), the establishment of 0.1 spruce seedling m −2 is associated to a seed rain around 30,000 seeds per m 2 . Although this relationship is not significant for fir, our results suggest that the establishment of a similar density of seedlings would require less than 1000 fir seeds per m 2 . 
Stocking Coefficient and Density of Seedlings
Partial felling had a significant effect on regeneration in natural stands and plantations. Fir consistently reached a higher stocking coefficient (80%) than spruce (30%) (Figure 2 ). For fir, there is a significant interaction (p < 0.0001) between treatment and stand type that is associated to an increased stocking coefficient ( Figure 2 ) and density ( Figure 3 , see Table S1 Supplementary Material) in natural stands and a decrease in plantations. For spruce, partial cuts increase the stocking coefficient and the density of seedlings, especially in natural stands, where both these effects are significant (Figures 2 and 3) . Overall, the stocking coefficient and seedlings density of fir and spruce seedlings are significantly higher in natural stands compared to plantations (Figure 2) , and fir had a significantly higher seedling density than spruce, both in naturally occurring stands and in plantations (Figure 3) . Stocking coefficient (± standard deviation) of fir (white bar) and spruce (black bar) seedlings before and after partial cut, and total stocking coefficient per species for natural stands (a) and plantations (b) (generalized linear mixed models (glmm)). Lower-case letters indicate a significant difference (p < 0.05) before and after partial cut for a given species in a stand type, while asterisks indicate a significant difference (p < 0.05) between stand types for a given species and period and for total stocking coefficient. Seedlings density (± standard deviation (SD)) of fir and spruce before and after partial cut for natural stands (a) and plantations (b) (generalized linear mixed models). Lower-case letters indicate a significant difference (p < 0.05) before vs after partial cut for a given species in each stand type.
Substrate Type Cover and Seedling Establishment in Plantations and Natural Stands
The ground area covered by the various substrate types differs depending on stand origin. The percentages of area covered by litterfall and deadwood are significantly greater (p < 0.05) in plantations than in natural stands, and the opposite is true for moss and rotten wood; herbaceous cover did not differ between natural stands and plantations (Figure 4) . In both types of stands, fir and spruce seedlings occurred on all substrate types except deadwood; none were found on mineral soil, as it was absent during the inventory (Figure 4) . In natural stands, spruce established more on rotten wood and spruce less on herbaceous substrate than expected by chance (Pearson chi-square test, p < 0.05). Approximately 35% of spruce seedlings were found in the 15% stand area covered by rotten wood and 35% of the seedlings were found in the 40% stand area covered by moss (see Supplementary Materials Figure S1 ). 
Relationship between the Percentage of Incident Light, Density of Seedlings and Their Height
The proportion of incident light measured at 60 cm above ground in partially cut natural stands and plantations reached only 3% to 20% of that measured in the open area. The median height of fir and spruce seedlings in the understory was positively influenced by incident light, which explains 17% of the variance in median height of spruce (p = 0.09) in naturals stands and 66% (p = 0.01) in plantation. For fir, incident light explains 33% of the variance in median height in naturals stands (p = 0.01); in plantations, however, this trend was not significant (p = 0.14) ( Figure 5) . The relationship between light and the number of seedlings/ha was very weak (R 2 = 0.04) but significant (p < 0.05) for fir and spruce in natural stands, while it was not significant (p = 0.62) in plantations. Relationship between median height of spruce and fir seedlings established after the partial cut and the percentage of incident light measured at 60 cm from the ground in natural stands (spruce (a) and fir (b)) and plantations (spruce (c) and fir (d)). n = 858 for fir in naturals stands, n = 243 for fir in plantations, n = 428 for spruce in natural stands, n = 76 for spruce in plantations in a total of 1700 subunits of 4 m 2 .
Discussion
This study sheds light on the effects of partial cutting on fir and spruce seedling establishment in natural stands and plantations. Our results suggest that partial cutting promotes seed germination and seedling development. In the northern temperate and boreal forests of Eastern Canada, mainly composed of fir and spruce species, fir seedlings reach densities greater than 35,000 seedlings/ha while spruce only reach 1000 to 3000 seedlings/ha [1, 22, 39] . In mixed natural stands found elsewhere in the world, the genus Abies is often the one that regenerates most easily when co-occurring with other species [40, 41] . Our results indicate that the natural establishment of seedlings is relatively limited in plantations compared to natural stands. This suggests that certain factors favorable to the establishment of regeneration such as substrate type [8, 11, 23] , light [39, 42, 43] , stand structure [44] and seed trees [41] might be more limiting in plantations than in natural stands. The plantations examined in this study were established on abandoned agricultural lands that had been farmed for decades. This presumably modified soil structure by increasing compaction while decreasing aeration and drainage [45] [46] [47] . In addition, these years of agricultural activity prevented the development of organic soil horizons and reduced the amount of coarse woody debris that littered the ground [48] , explaining the reduced rotten wood cover found in our plantations.
The positive influence of rotten wood on natural regeneration from seeds has been reported in several studies [11, 23, 39] . In this study, rotten wood appears to be mostly associated with the establishment of spruce seedlings, as the latter were found on this substrate in a significantly greater proportion than expected by chance based on substrate relative area (Figure 4 and Figure S1 ). Our results suggest that a rotten wood cover greater than 15% in natural stands promotes adequate spruce regeneration [49] , while it is limited by a low cover (5%) of rotten wood in plantations. A constant supply of woody debris [50] is thus important for the long-term recruitment of rotten wood [17, 23, 49, 51] and the initial survival of spruce seedlings. Fallen rotten wood acts as an ecological filter, catching the smaller spruce seeds and letting many of the larger fir seeds fall on the ground [51] . Rotten wood offers good germination conditions because this substrate has a better water retention capacity than litterfall [7, [51] [52] [53] , although several seedlings establish themselves on the latter as it covers a large share of the available area, especially in plantations [54] . There, both species displayed a contrasted ability to survive and grow on this substrate. Field studies suggest that the very short initial roots produced by spruce rarely manage to get through a thick layer of litterfall, as the latter has a coarse porosity and dries up quickly [55, 56] , inducing a high mortality rate for spruce seedlings [11, 57] . Conversely, fir produces longer initial roots [55] able to get through litterfall and reach mineral soil, which makes seedlings less vulnerable to prolonged drought due to its more consistent moisture level [58, 59] . This may explains why we can usually find more fir seedlings than spruce seedlings on litterfall, especially in plantations [60] . The herbaceous cover apparently exerts a detrimental effect on spruce establishment, especially in natural stands where this adverse relationship is significant (Figure 4) . The slower initial growth of spruce seedlings compared to that of fir [59] would make the former more vulnerable to competitive exclusion by herbs than the latter.
Our results show that the estimated amount of dispersed spruce seeds must be about 45 times greater than that of fir to have an equal number of seedlings of both species in stands where there is a sufficient cover of good settling substrate such as rotten wood. These results are similar to estimations for stands dominated by trembling aspen in which white spruce and balsam fir were the companion species [60] . In plantations where the most suitable substrates for the establishment of spruce only reach 5% cover or less, over 250,000 spruce seeds/m 2 would be required to ensure adequate recruitment. Despite the fact that a single white spruce tree can produce up to 250,000 seeds during a mast year [61] , such a seed rain is impossible to reach, even in a mature spruce monoculture, where tree density ranges from 1200 to 1500 stems per ha. Thus, rotten wood availability seems to be the limiting factor for spruce regeneration in plantations. Once seeds have germinated, light is important for seedling development [39, 43, 62, 63] and growth [42, 64] . According to our results, fir and spruce seedlings can survive for some time at light levels as low as 3% [49, 60, 64] . Although shade tolerance may decrease as individuals grow from seedling to sapling in some species (e.g. Thuja plicata Donn ex D. Don [65] ), but it has been assumed that the minimal incident light requirements for sustained spruce growth is 15% [55] . Fir and spruce seedlings that established themselves after partial cutting do not respond in the same manner to gaps in the canopy [9, 66] , the growth of fir seedling being less dependent upon variations in percentage of incident light reaching 60 cm above ground compared to spruce. Spruce regeneration may thus be promoted by repeated partial cuts that maintain a minimal light level of 15% in the understory [49] .
Conclusions
In conclusion, partial cutting promotes seedling establishment in spruce-fir dominated forests, but spruce regeneration remains a challenge, whereas fir readily regenerates in a larger array of conditions [7, 22, 23] . Following partial cutting in natural stands, a seed input ranging from 7000 to 8000 seeds per m 2 of soil surface is required to regenerate one spruce seedling per m 2 , whereas fir can regenerate ten times more in similar conditions. According to our results, there is a close relationship between seed input and seedling density; in plantations, this relationship lessens for white spruce and is non-significant for fir. The paucity of spruce regeneration despite a high estimated seed input in plantations highlights the limiting role of rotten wood as an establishment substrate for this species. Once seedlings are established, their growth responds positively to incident light, especially for spruce. Therefore, a regime of partial cutting in spruce-fir forests may increase seedling establishment and growth, especially for spruce, provided that cut intensity allows the transmission of 15% incident light to the ground and contributes to maintain a rotten wood ground cover averaging 15%.
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